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Abstract : The well established design methods for crystal filters are 
discussed and compared. Emphasis is placed on predicting the feasibil¬ 
ity and the limitation of standard crystal filter designs. 

Introduction : The practical realization of frequency selective networks 
makes it very often necessary to incorporate piezoelectric resonators 
in the circuit. These resonators, preferably quartz crystals, abused 
because they represent high-quality resonators of small or reasonable 
size. To include such elements in a circuit imposes restraints on the 
design due to three-element structure, the magnitude of the parameters 
and their influence on other components. The design of networks of 
this type postulates therefore: 

(a) to contemplate circuits which are potentially capable of 
employing piezoelectric resonators, and 

(b) to select related characteristic functions K(s) or transfer- 
loss functions H(s) such that the performance meets specifi¬ 
cation 

It Is frequently not feasible or not practical to substitute piezo¬ 
electric resonators in the resulting circuit. To precede a rather 
complicated circuit calculation by relating the feasibility to the 
primary design parameters (passband ripple, stopband attenuation and 
cut-off rate) is therefore economical. Such feasibility studies are 
possible for some of the typical bandpass realizations of Fig. 1 by 
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considering the effect of the pole and zero pattern of the character¬ 
istic function K(s) and the transfer-loss function K(s) [SA-t] 

K(s) = ; H(s) “ Mai 
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E(s) ■» Hurwitz polynomial ; P(s) “ even or odd polynomial. 

F(s) * Polynomial with real coefficient which must be either ttven 
or odd in case of symmetrical or antimetrical filters 

A distribution of almost all poles and zeroes of these functions about 
the center frequency is significant for many crystal filters. Their 
relative location within this area is very closely proportional to the 
relative bandwidth. This fact is used in many approximate solutions 
for the design. 

1. Wideband Lattice Filters 

The structure of an 8th degree characteristic function K(s) and 
some general design aspects for shunt-coil configurations are shown in 
Fig. 2. It is easy to prove that the shunt coils or the shunt capaci¬ 
tors of the two lattice branches become equal whenever a pole of third 
or higher order exists at zero or infinity, respectively. Analogous 


wide-band lattice filters 

! (a) Triple pole at zero 

(b) Poles of first order at zero and Infinity 

(c) Triple pole at infinity 
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Fig. 2 











relations can also be drawn up for the dual series-coil configuration. 
Limiting factors for either type may be either the Q m in °f the associ¬ 
ated coils or p , the composite. Cp/c g -ratio of all crystals. To reduce 
the quantity ’'Qmin’'> ft i {J necessary to increase the sum of the real 
parts of the Hurwitz polynomial F.(s). This can be achieved by increas¬ 
ing the complexity (higher decree), by a decrease of the ripple or a 
combination of both. The composite Cp/c 6 ratio on the other bend is 
improved by moving the zeroes of E(s) closer to the imaginary axis. 

I An estimate of the limiting quantities Qmin and P Is possible In case 
of frequency-symmetrical specifications. A major part of the calcula¬ 
tions, including the normiliztd reference circuit, can then be performed 
in the s-plane of a reference lowpass. By well-known lowpass-bandpass 
transformations, (Fig. 3), it is possible to express the quantities 



Fig. 3 


Qmin an d P as functions of the Hurwitz polynomial Elp(s) and the trans¬ 
formation constant "a". For many standard lowpass filters, the zeroes 
of Ep J p(s) form well defined patterns. The nomograph of Fig. 4 repre¬ 
sents the evaluation of such a pattern for the particular case of Cauer 
Parameter filters. The formulas on top of this Figure and the following 
numerical example may serve t:o demonstrate the procedure to estimate the 
quantity "Q m i n ”: 
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120 kc 


Bandp asr Specif tea ti nts: 

Passban d: f-p-lfo. - .;0 i\c 1,-16*120 Me A fp « 

Stopband£-s«15.980 Me, 1.-16,140 Me, A m ^ n = 55 db Af s « 160 kc 

According to the formula;; of Vig. 4 (elide, rule accuracy), these speci¬ 
fications yield first: 

f c 16.060 uc; a-416 ; ilp = 0.866 ; 8=50° 

and subsequently by mean;: of the homographs: 


N - 5 

(excessive A T ,., IX ) 


• 

N = 7 

Amax = 0.05 db 

c ao ** ^-*25 

= 128 

N = 9 

W = 10-4 db 

c ao 161 0,60 

Qrain - « 


The capacitor which is responsible for Q^in can be expressed in 

terms of c ao : 


c bo " k c ao 

thus: q0?) = k Q( t l (2) 

The family of curves n k(/ 0 ) M is included in the nomograph. 

Also included are the cut-off curves for antimetrical lowpass filters 
N = 4, 6, 8. They are useful to interpolate the Q m i n of quasi-frequen¬ 
cy-symmetrical bandpass filters of 8th,.12th and 16th degree for which 
an actual reference lowpass does not exist. They require a total of 2, 
4, or 6 crystals, respectively, when realized in half-lattice configu¬ 
ration*. 

The feasibility limits of wideband crystal filters will be exceeded 
whenever a large transformation constant ,f a" causes an unrealistic 
Qmin of the shunt or series coils, A realization may then be possible 
by crystal-capacitor filters (either in lattice or ladder configuraticn). 

The feasibility limits may also be exceeded in the opposite sense when 
the transformation constant "a” becomes too small for a realizable com¬ 
posite Cp/c s ratio. However, this ratio is proportional to and 

only bandpass filters with considerably large bandwidth will be effected. 
In this case it is very often possible to satisfy the specifications by 
other means. 

2. Wideband Ladder Filters 

A steep rise of the attenuation at the edge or edges of a passband re¬ 
quires very often impractical values of the Q for those resonant cir¬ 
cuits which are responsible for the closest attenuation poles. Piezo¬ 
electric resonators can be substituted for these critical circuits if 
the structure permits such a substitution. Network transformation sim¬ 
ilar to those shown in Fig. 5 may be employed to achieve such suitable 
structure. The transformation ,, 4 H of this Figure, originally suggested 




















by Poschenrieder ( [PO-l] ), and the transformation M 3" are especially 
useful. The resultins structures prevent a signal flow at the pole fre¬ 
quency by a low impedance shunt a?, the highly stable series resonance of 
the crystal. Furthermore, the parallel coil permits a suitable trans¬ 
formation of the crystal impedance. The structure, of all transformed 
circuits of Fig. 4 and others can also result initially by a proper real¬ 
ization procedure ([HA-1]). 

It should also be mentioned that narrow bandstop filters can also be em¬ 
ployed to supplement the performance of conventional LC-filters ([SA-2]). 

3. Narrow-band Lattice and Ladder Filters 


The performance of a conventional narrow bandpass filter will deterio¬ 
rate considerably due to the inherent losses of actual components, es¬ 
pecially coils. Structures which can be realized by crystals and capac¬ 
itors only are then of advantage. Significant for lattice and ladder 
configurations of this type arc pairs of zeroes of K(s) and H(s) on the 
real axis of the s-plane in addition to those in the immediate vicinity 
of the passband. This fact was first pointed out by Saal [SA-2] for 
lattice filters and by Colin [cO-'i] for ladder filters. The pertinent 
function K(s) is then: 



Ms) 


All attenuation poles must occur at finite frequencies in case of gen¬ 
uine ladder configuration. Part or all of them may be transposed to 
zero or infinity if lattice configurations are contemplated. 

The function K 0 (s) may be considered to be the characteristic function 
of an antlmetrical bandpass. The poles and zeroes of this function are 
almost solely responsible for the performance in the passband and its 
vicinity. Cauer*s q-functions are a convenient means to design a K 0 (s) 
which provides a Chebyshev variation within the passband limits for any 
arbitrary set of attenuation poles ( [CA-l], pgs 548-560) 



where the "composite q-function q(s)" can be calculated from the "indi¬ 
vidual q-functions q v (s) M which are related to the specified attenuation 
poles: 

ai E -I±l ffiiv(s ) + i 5 *v<«> - % 

q(s) - 1 Ilq (s) - 1 

V (5) 


The antimetrical function K c (s) is then supplemented by the symmetry 
factor "(s^ - a£)/(l + a£)s” which provides for a first order pole each 
at zero and infinity. Its magnitude is close to unity in the immediate 
vicinity of the passband. 
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The value "a 0 u Is of significance for the composite Cp/c s ratio of 
either branch. A rather accurate estimate of these quantities is possi¬ 
ble in the case of frequency-symmetrical performances for which the 
pertinent Hurwitz polynomials E a (s) and E^(s) of the bandpass can be 
related to the polynomials (s) E^) (s) of an antimetrical reference 

lowpass. (See Fig. 3). The even-degree cut-off curves of Fig. 4 and 
the formulas in the top part of this figure permit the selection ol a 
suitable table reference lowpass And the calculation of the transforma¬ 
tion constant "a”. Expressed in terms of the real parts "a-/ 1 of (s) 
or E^£)(s), the quantity becomes: 


) I c ei (a 0 + l/a 0 ) £ a v 

• V 

For a selected reference lowpass and a specified transformation constant, 
this quantity becomes a maximum where (a G + l/a Q ) is a minimum which 
occurs for a Q = 1. 

The well-known realization of lattice structures follows a procedure 
analogous to the one shov/n in Fig. 2. Crystal capacitor ladder struc¬ 
tures, however, require .special attention. Due to the factor (s2 - a Q ) 
in the characteristic function, the open-and the short-circuit: Impedance 
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at either terminal pair i s on i degree lower than the degree of the 
characteristic function. Consequently, the ladder development of 
either impedance will leave c>ae capacitor undetermined* (See Fig. 6), 

A convenient means to overcome any ambiguity of the last capacitors is 
to realise the circuit in shunt- and open-circuit condition. The com¬ 
parison of the values of all other elements can be used as a criterion 
for adequate precision of the calculation. The numerical examples of 
Fig. 6 are related to a 10.7 Me filter with all poles at 13.5 Kc above 
or below the passband, respectively. The left circuit was calculated 
with 24, the right circuit with 26 significant digits. As the compar¬ 
ison of "shunt" and "open" shows, 24 significant digits were just ade¬ 
quate. 

*9 

Any realization of ladder structures will normally yield the configu¬ 
rations of crystal resonators only if the attenuation poles above and 
below the passband alternate. Any other sequence will require subse¬ 
quent network transformation similar to those indicated at the bottom 
of Fig. 6. These particular transformations were performed to yield 
equal inductance for all the crystals of one structure. 

The lowest c p /c s ratio within the final structure can also be estimated 
without an elaborate calculation by means of the following formula: 



in which f c is the center frequency and Af the interval between the 
lowest (or highest) attenuation pole and the upper (or lower) passband 
limit. For the left hand circuit of Fig. 6, the lowest pole was at 
10.685 Me and the upper passband limit 10.703 Me. Equation (7) yields 
then P ** 243, sufficiently close to the actual value. 

\ 4. Lattice-Ladder Hybrid Structures 

Lattice configurations are a special case of structures which provide 
\ more than one path for the transmission of the signal. Attenuation 
t poles occur at those frequencies at which cancellation of the energy 
I flow takes place. This is ar inherent disadvantage whenever high stop- 
band attenuations are specified. It is therefore often convenient to 
cascade several sections in tandem and to employ lattice configurations 
only whenever this particular structure offers advantages, for instance 
better Cp/c s ratio. Three different approaches are, at present, in use. 

(a) Cascading of identical lattice configurations . According to 
Fig. 7, the stopband attenuation is more than doubled. The passband 

i widens due to additional zeroes of the overall characteristic function. 
The passband ripple is considerably increased. 

(b) Bisection of a symm e trical network . The priority to the solu¬ 
tion goes to H. Piloty~[i r - ij . A different solution, developed by 

H. Adler and E. H. Bradley ([GU - l], pg. 467), was recently applied by 
Szentirmai [SZ - l] to lattice configurations. According to FMoty f s 
method, it is first necessary to augment the denominator polynomial of 
an overall characteristic function K(s) by factors which make it a per¬ 
fect square. The more factors required to achieve this the less econom¬ 
ical will be the overall structure. A realization of a network by bi¬ 
section is therefore recommended only in case of coinciding attenuation 
poles. 



(c) Latti ce tr an sf orm..11 or ■ app lied to su i table sections of an estab ¬ 
lished la dd er stru c ture,, Thif solution was first indicated by Szentirmai 
£SZ - lj and later supplemonf.ee by J.A«C.. Bingham |BI- lj. A dif ferent ap¬ 
proach is presented in Fig. E. To achieve optimum conditions of the final 
circuit, it is useful to real Ize the initial ladder circuit with an ap¬ 
propriate sequence of do .e frequencies. (See the numeri cal e xample).,,, ..... 
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